Abstract-In this paper, we present a wireless micro inertial measurement unit (IMU) with the smallest volume and weight requirements available at the moment. With a size of 18 mm x 16 mm x 4 mm, this IMU provides full control over the data of a three-axis accelerometer, a three-axis gyroscope, and a threeaxis magnetometer. It meets the design prerequisites of a spacesaving design and eliminates the need of a hard-wired data communication while still being comparable to state of the art commercially available MEMS IMUs. A CC430 microcontroller sends the collected raw data to a base station wirelessly with a maximum sensor sample rate of 640 samples per second. Thereby, the IMU performance is optimized by moving data post processing to the base station. This development offers important features in embedded microsystem applications with their significant size and weight requirements.
I. INTRODUCTION
In recent years, location-based services for indoor mobile devices are becoming more and more popular due to their increasing functional range. In the context of indoor applications, where GPS signals are not available, one promising localization approach, e.g., for cell phones, people, or mobile robots, relies on inertial sensors. For human tracking, miniature inertial sensors integrated into clothes or shoes can extend the functionality of pedometers by full 3D location information. Even more complex tasks like full-body human motion capture have been addressed using inertial sensors. Additionally, the combination of inertial sensors with wireless signal sensors allows for correction of the errors accumulated during integration of inertial sensor data as shown by Xsens with the MVN MotionGrid. Similarly, personal devices like cell phones can be localized inside of buildings. In the domain of mobile robots inertial sensors are commonly used in combination with cameras for flight stabilization or autonomous hovering of helicopters or quadrotors. Furthermore, inertial sensors have been applied for localization of airplanes and miniature indoor blimps.
For application in such devices or on robots, small commercially available inertial measurement units (IMUs) typically incorporate MEMS acceleration sensors, gyroscopes, and magnetometers measuring in three axis. The Sparkfun Electronics Razor IMU [1] combines those sensors with an AT328 microcontroller and provides access to the raw sensor data. Additionally, most of the commercially available IMUs like the Xsens MTi [2] offer a measurement data preprocessing and robust on-board sensor data fusion for 3D orientation. However, due to their size, weight, or power consumption, these IMUs are not ideally suitable for certain applications such as miniature aerial vehicles [3] , [4] , [5] or inconspicuous integration into clothes or shoes.
Apart from commercial products, several research groups have put effort into enhancing IMUs concerning special characteristics. One important aim, for example, is the miniaturization of the device. Barton et al. demonstrated a cubic IMU design with a side length of 10 mm and wireless communication [6] . However, they employ analog sensors which demand for separate analog-to-digital converters and a precise reference voltage. Lin et al. presented a system for the analysis of yaw movements with dimensions of 37 mm x 23 mm x 12 mm, integrated with a bluetooth module and a lithium polymer battery which is comparably large and has limited functionality [7] . Another approach is the combination of typical accelerometers and gyroscopes with a linear encoder for which Lim et al. claim a size of 10 mm x 15 mm [8] . Depending on their application Barton et al. change the priorities to maximized data throughput as demonstrated in [9] .
II. DESIGN OF THE MICRO-IMU
To date the commercially available IMUs are not implementable in small mobile objects due to the constraints like big size, high power consumption and portability issues. In contrast to the commercial products, existing research prototypes are smaller and lighter but the data performance is a bottle neck. For the data processing it is important to have high raw data rates.
In our methodology of designing the Micro-IMU, we combined the aim of an applicable IMU for embedded microsystems and improved the characteristics in size, weight, and power consumption while the performance is still comparable to state-of-the-art commercially available MEMS IMUs. By using MEMS sensors with large scale integration this becomes possible. Modern accelerometers and gyroscopes feature three-axis technology and integrated analog-to-digital conversion with automatic temperature compensation in a onechip-design. This saves space in the IMU design as analog converters, high precision voltage references and 3D packaging are not necessary. Thus, a four-layer PCB is sufficient for integration of all sensors and a microcontroller.
One important aspect of the design is the decision to move data-processing from the IMU to a base station. Through this step, the power consumption of the IMU can be reduced, as the demanding computation of sensor data fusion filters and other algorithms to enhance the data quality is moved to more powerful computers with less constraints in size and weight. In this case the energy source of the IMU can be minimized in weight and size or the lifetime can be increased, respectively. Especially for battery powered embedded microsystems, this is important. The block components of the designed Micro-IMU are shown in Fig. 1 . The CC430 microcontroller is interfaced to the 3-Axis accelerometer (MMA8451Q), 3-Axis magnetometer (HMC6343), and 3-Axis gyroscope (ITG3200) via the I 2 C protocol. A 28 MHz oscillator is used for the transceiver functionality along with a voltage regulator for the RFcircuitry. Furthermore, a separated voltage regulator for the digital circuitry is used to avoid high frequency distortions in the sensor data. Table I shows the specification of the sensors implemented on the Micro-IMU. The sensors are systematically selected for a high data rate and best digital resolution while providing full scale range at the same time.
For reading the digital sensor data and radio data transmission a CC430 microcontroller is used, which combines an integrated CC1101 wireless transceiver and an MSP430 microcontroller. The MSP430 is a 16-bit RISC mixed-signal processor for ultra low power applications. The wireless transceiver works in the SRD-Band (a band designed for low-power communication devices), which is specified in the European Union from 863 -870 MHz with a maximum allowed power output of 10 dBm. The low-power communications protocol SimpliciTI from Texas Instruments is used, as this protocol is efficient due to the minimal frame overhead. The transceiver part of the CC430 supports the maximum allowed power output i.e. 10 dBm. Further using CC430 a maximum radio transmission data rate of 500 kbaud/sec is achieved, whereby the maximum distance is depending on the data rate, hence decreasing the receiver sensitivity. For validation of the communication link a hardware CRC16 module is implemented on the CC430 which has a performance advantage for the microcontroller. Consequently the sole purpose of the CC430 microcontroller is to collect the raw sensor data at the maximum sensor data rate and transmit it to the host with minimal power consumption. This is accomplished with a maximum sensor sample rate of 640 samples per second.
By choosing QFN-packages and using a four-layer PCB layout the size of the IMU is reduced almost to the accumulated footprint of the ICs and measures 18 mm x 16 mm x 4 mm. The two inner layers are floated with ground copper to have a large ground plane for the quarter-wave antenna. The ground plane acts as the "missing half" of a dipole antenna. The large size of ground plane is important for the radiation quality of the antenna. Furthermore, using an increased ground plane reduced the noise floor and minimzes the overall resistance as all devices are connected to this ground plane. SWRA250 from Johanson Technology is used to provide on-chip impedance matching between the transceiver and antenna of the designed Micro-IMU. Subsequently this single chip, i.e. SWRA250, reduces the size of matching network which could have been worse if a procedural impedance matching network was used. A picture of the top-view is given in Fig. 2 . Instead of a chip antenna, we employ a quarter-wave wire-antenna on the Micro-IMU which can be adjusted to the available space on the embedded system. Fig. 3 shows the side view dimensions of our Micro-IMU. The programming port on the top right is optional and can be removed for further size reduction. The high frequency components are implemented in the bottom layer of the designed PCB (shown in Fig 4) in order to avoid high frequency distortions.
For reception of the raw IMU sensor data we developed a hardware module which can be connected to a standard PC via USB. This hardware module applies a CRC check to the incoming data stream and automatically deletes invalid packets.
III. DATA PROCESSING
One important factor concerning the quality of the position and orientation estimates of the IMU is the data postprocessing. In this paper, we present techniques for data refinement and characterization of deviations, examining the static case of immobility.
A. Compensation
Some systematic deviations, namely offset, temperature drift, and cross-axis effect, on the sensor readings can be compensated by calibration.
For offset calibration the average output value of each sensor over a time span of 5 min is determined in the rest position. This value is then subtracted from the subsequent sensor output.
To analyze the temperature drift of the gyroscope and the accelerometer, we expose the IMU to temperature curves in a climate chamber from 5 • C to 55 • C. Although the implemented digital gyroscope has a built in temperature compensation, it still exhibits a distinct temperature drift, which is shown in Fig. 5 . Additionally the noise of the sensor is increasing with the value of temperature. This effect is caused by the electronic noise which is generated by the thermal agitation of the charge carriers inside a semiconductor. The CC430 microcontroller has an internal temperature diode, which can be used to measure the temperature through the internal analog digital converter. The temperature sensor has a linear output over the temperature range from -10 • C to 85 • C. However, its offset error can be large and needs to be calibrated precisely. The temperature data is transmitted wirelessly together with the sensor data to the base station. For temperature drift compensation, we applied a least-squares cubic spline approximation to the data recorded in the climate chamber as shown in Fig. 5 .
The digital accelerometer has no significant temperature drift, which is shown in Fig. 6 . The increased noise in the first part of the measured sensor curve is caused by vibrations of the heating mechanics of the climate chamber.
Concerning the magnetic field sensors, the cross-axis effect has to be taken into account [10] . This effect causes a slight sensitivity to a magnetic field orthogonal to the actual mea- 
To measure these cross-sensitivities we mount the IMU on a robot and rotate it around all three axes thereby measuring the geomagnetic field. We then use the standard deviation of the measurement in the rotation axis and the mean of the measurements of the not rotating axes as an evaluation criterion of the parameters K and m 0 . For achieving the same scale on each axis, the deviation of the measurement along the rotation axis from the expected measurement value is chosen as an additional criterion. With these criteria a randomized search is performed in the parameter space and the best fitting parameters are used as a starting point in a gradient decent optimization.
B. Permanent Measurement Error and Allan Variance
After compensation of static measurement deviations, the measurement data quality is determined by bias-drift and noise. The drift of the measurement values of the gyroscopes and accelerometers has a devastating effect on the on accuracy of an IMU. This drift introduces a small changing bias offsets which corrupts the data processed by the IMU. As a consequence, this error leads to a quadratic effect on the position estimated by integration of the measurement data.
To gain knowledge about the magnitude of drift and noise we evaluate the Allan variance σ 2 a of the measurement data. The graph of the Allan variance expresses five types of noise terms with various gradients as shown in Fig. 7 . The noise is identified by measuring the slope of the curve at the averaging time of 1 s. The drift is defined as the y-coordinate at the minimum of the Allan variance.
The Allan variance is an instrument for representing the root mean square random drift errors as a function of averaging time intervals Δt [11] . It is defined as
depending on the differences between consecutive measurements of the sensor data recorded at the measurement period Δt.
C. Results
For the sensor characterization by means of of the Allan variance, at first we captured the raw sensor data of the IMU with a the maximum sample rate of 340 samples per second for four hours. The resulting curve for the gyroscope of the Micro-IMU is depicted in Fig. 8 and the precise characterization values for noise and drift are presented in Table III . Comparing the three axes, the z-axis shows a minimum that is significantly lower than the other two. This effect can be explained by the MEMS-nature and the geometry of the sensor. The structures for all three axes are manufactured in one planar chip design. Therefore, trade-offs have to be made concerning the sensor quality in certain measurement axes.
Regarding the acceleration sensor shown in Fig. 9 a similar distinction between the z-axis and the other two axis can be Table III .
In our first prototype of the Micro-IMU we used the STMicroelectronics LIS3LV02 acceleration sensor. The Allan Variance of this sensor is shown in Fig. 10 . The values of the noise and drift factor are given in Table II . As shown in Fig. 10 the noise and drift factor on z-axis is ten times worse compared with the other two axis. Consequently, we replaced the LIS3LV02 sensor by the MMA8451Q sensor which is utilized in our latest prototype of the Micro-IMU.
D. Comparison with Xsens
In order to compare the Micro-IMU with the Xsens MTi [2] , we collected a set of raw data from the Xsens MTi over a period of four hours with a data rate of 100 samples per second. We analyzed this data with help of the Allan variance. The obtained curves are shown in Fig. 11 and 12 and the precise characteristics can be found in Table III .
Comparing the IMUs the most distinctive difference is the better homogeneity of the Xsens MTi concerning the axes. This is due to the fact that for each axis a single integrated sensor is used. The Xsens MTi uses a 3D PCB-design witch allows to place each sensor on one of the three orthogonally placed PCBs. Looking at the data of the accelerometer the noise is in the same range, except for the z-axis where the MTi performs significantly better than the Micro-IMU. The drift are in average two times higher for the MTi than for the Micro-IMU.
For the gyroscope the Micro-IMU outperforms the MTi concerning drift and noise. The noise level of the Micro-IMU is in average six times lower than that of the MTi and the drift is lower by a factor of three.
Overall, despite of its small size, the performance of our Micro-IMU showed to be comparable to that of the Xsens MTi in an extensive static evaluation.
IV. CONCLUSION AND FUTURE WORK
In this paper, we presented the design of a wireless, lowpower IMU that features minimum size and weight. By using highly integrated digital sensors and relocating data postprocessing from the IMU to a base station, we are capable of competing with state-of-the-art commercial MEMS IMUs such as the Xsens MTi. Due to its favorable properties, our Micro-IMU can be applied for tracking of miniature moving objects or small-size autonomous robots especially with limited payload and energy.
In our further development we will additionally characterize our Micro-IMU in the non-static case. Besides the evaluation of the linearity of the sensors we would like to evaluate the dynamic measurement noise of the Micro-IMU in its target application. For that, we plan to utilize an optical motion capture system providing high-precision position references.
